ABSTRACT An adaptive dynamic surface controller (ADSC), which comprises an online parameter estimator and a robust control law, is developed for the pneumatic servo systems driven by the proportional directional control valves. Departing from the use of time-consuming offline fitting of the orifice area to accommodate the effect of valve dead zone, this paper employs the least-square-type indirect parameter estimation algorithm with online condition monitoring to estimate the dead-zone parameters and some other important model parameters. These accurate estimates of model parameters are utilized in the development of a precise position tracking controller for the single-rod pneumatic actuator. By using the dynamic surface control technique to synthesize the robust control law, the problem of ''explosion of complexity'' in traditional backstepping design method is avoided. The stability of the closed-loop system is proved by the means of the Lyapunov theory. The obtained extensive comparative experimental results verify the effectiveness of the proposed valve dead-zone compensation strategy and the high-performance nature of the ADSC in practical implementation.
I. INTRODUCTION
Pneumatic servo systems are widely used in many applications such as industrial automation equipment [1] , robot manipulators [2] , and test devices [3] , since they possess advantages such as cleanliness, low operating cost, inexpensive hardware, high power/weight output, no magnetic field, and no risk of overheating. Proportional directional control valves (PDCVs), whose spool displacement is proportional to the input signal, have been widely used for pneumatic servo systems for several decades. This kind of valve is typically designed to occlude the orifice with some overlap when the spool is in null position, thus the actual orifice opening due to the spool movement could be modeled as dead-zone nonlinearity. Practically, the actual orifice opening is not easily able to measure and the dead-zone parameters are mostly unknown. It is well known that the PDCVs of the same batch may even have different dead-zone characteristics due to machining and assembly errors. To achieve a high precision motion control of pneumatic actuators with such type of valve, it is necessary to explicitly take into account the effect of the valve dead-zone. Furthermore, the dynamics of pneumatic servo systems have strong nonlinearities, and pneumatic servo systems are likely to be affected by variations in the physical parameters and unknown external disturbances in industrial applications. These characteristics make controller design of pneumatic servo systems a challenging task.
To solve the aforementioned problems and realize high position tracking accuracy of pneumatic servo systems, various nonlinear control techniques are investigated, such as gain scheduling [4] , optimal control [5] , feedback linearization [6] , observer based friction compensation [7] , selftuning control [8] , sliding mode control (SMC) [9] , and adaptive-gain SMC [10] - [12] . The strategy of SMC is widely applied to pneumatic servo systems by researchers during the past decade because it can deal with the effects of system uncertainties and external disturbances effectively. Nevertheless, the sliding mode controllers suffer from quite severe control input chattering when stringent control performance is of major concern. As an alternative to higher order sliding mode controllers, the backstepping design method was utilized to develop nonlinear robust controllers for pneumatic servo systems [13] , [14] . By introducing the on-line parameter estimation, the adaptive robust controllers were further proposed for high performance motion control of pneumatic rodless cylinders in [15] - [17] . However, due to the repeated differentiation of virtual controls, the aforementioned nonlinear robust controllers synthesized by the backstepping method have the problem of ''explosion of complexity''. As a result, they are rather complicated for practical implementation. Moreover, it is noted that the valve dead-zone problem was omitted or only partially accommodated through timeconsuming and costly off-line identification in the above works.
Recently, the dynamic surface control (DSC) method proposed by Swaroop et al. [18] has received a great deal of attention and a number of excellent theoretical contributions have been made. In these studies, the calculation of the virtual control variable's derivative was prevented by introducing a filter at each design step, thus the problem of ''explosion of complexity'' in the procedure of the backstepping design can be avoided. The applications of DSC can be found in many engineering fields, for example, electro-hydraulic systems [19] , autonomous surface/ underwater vehicles [20] , mobile wheeled inverted pendulum [21] , pneumatic muscle [22] , and servo motors [23] . Since rather severe parameter uncertainties normally exist in the controlled systems, adaptive dynamic surface control approaches with gradient-type parameter adaption laws were proposed in [24] - [27] .
On the other hand, considerable effort has been devoted to address the issue of dead-zone during the most recent years. One main way is to employ an adaptive dead-zone inverse to cancel the effect of dead-zone, which can be traced back to the work of Tao and Kokotovic [28] . To mention a few, the indirect-type parameter estimation laws, which have better convergence properties, are used by Hu et al. [29] , [30] to obtain an accurate estimation of the dead-zone parameters. The smooth dead-zone inverse was proposed in [31] - [34] to avoid chattering problems that may occur in the nonsmooth inverse approach. Hydraulic valve dead-zone compensation was constructed and utilized in the development of precision motion controller for electro-hydraulic systems in [35] . Several researchers introduced fuzzy-logic and neural network technology into the adaptive dead-zone inversions [36] , [37] . Another main way is to represent the dead-zone as a combination of a linear input and a bounded external perturbationlike term, then utilize robust adaptive schemes [38] - [40] , fuzzy control [41] , or neural network control [42] to compensate for the effect of dead-zone without constructing the dead-zone inverse. However, none of the aforementioned existing schemes have been tested on a pneumatic servo system. Inspired by the work of DSC and adaptive dead-zone compensation, an adaptive dynamic surface controller (ADSC) with valve dead-zone compensation is developed for position tracking control of the single-rod pneumatic actuator. The contributions of this paper are: 1) In contrast to most of the existing dynamic surface controller, the proposed controller employs least square type indirect parameter estimation algorithm with on-line condition monitoring, rather than the gradient-type parameter adaption laws, to obtain an accurate estimation of the dead-zone parameters and other unknown model parameters. 2) To the best of our knowledge, by using the DSC technique, the proposed controller is the first nonlinear robust controller for the pneumatic servo systems that can cope with the problem of ''explosion of complexity''. 3) Based on the parameter estimate, an accurate dead zone inverse function can be constructed for adaptive compensation of the valve dead zone, which increases the probability of the proposed control algorithm in practice. The stability of the closed-loop system is proved by means of Lyapunov theory. The paper is organized as follows: Section II gives the dynamic models and problem statement; Section III presents the adaptive dynamic surface controller; Section IV gives the experimental results to verify the proposed controller; and Section V draws the conclusions.
II. PROBLEM STATEMENT A. SYSTEM MODELS
As shown in Fig. 1 , the pneumatic servo system considered in this paper consists of a single-rod actuator (FESTO DNC-32-500-PPV) and a 5/3-way PDCV (FESTO MPYE-5-1/8-HF-010B). The motion of the piston-rod-load assembly can be expressed as
where x,ẋ, andẍ are the piston position, velocity and acceleration, respectively, m is the total mass of external load plus Assuming the charging and discharging processes are both adiabatic, the actuator pressure dynamic can be described by
where γ is the ratio of specific heats, R is the gas constant, 
where V a0 and V b0 are the dead volumes of the actuator chambers, and L is stroke of the actuator. According to [43] , the mass flow rates entering or leaving the actuator chambers can be calculated bẏ
where i = a, b is the chamber's index, x e is the actual orifice opening, W is the area gradient of the PDCV's orifice opening, C d is the discharge coefficient, C 1 is a constant, p u and p d are the upstream and downstream pressures, T u is the temperature of air which is entering the PDCV, and p r is the critical pressure ratio when choked flow occurs. Let p s be the supply pressure, then one hasṁ
Since the bandwidth of the PDCV is much higher than a normal pneumatic servo system, the dynamics of the spool are neglected. The actual orifice opening x e can be modeled as a static mapping of input voltage applied to the valve u with dead-zone, i.e.,
where u is the input voltage applied to the valve, k x > 0, u + ≥ 0, and u − ≤ 0 stand for the slope, right break-point and left break-point of the dead-zone, respectively. In [43] , it has been confirmed experimentally that the spool displacement is linearly proportional to the input signal and MPYE valves of different batches have almost the same gains. Therefore, the slope is assumed to be a constant as shown in Fig. 2 
(a).
Define the state variables x 1 = x, x 2 =ẋ, x 3 = p a , and x 4 = p b , the pneumatic servo system total model can be written as
where
The control objective is to design an adaptive dynamic surface controller with valve dead-zone compensation such that a given desired trajectory x d can be tracked by the output of system (6) y = x 1 , while guaranteeing a prescribed transient and final tracking accuracy. 
where B 0 is a positive constant. Assumption 2: The extent of parametric uncertainties is known and given by θ ∈ θ = {θ : θ min ≤ θ ≤ θ max }, where θ min = [θ 1min , θ 2min , θ 3min , θ 4min , θ 5min , θ 6min , θ 7min ] T and θ max = [θ 1max , θ 2max , θ 3max , θ 4max , θ 5max , θ 6max , θ 7max ] T are the known lower and upper bound vectors of θ .
Assumption 3:
The extent of unmodelled dynamics and external disturbances can be predicted, there exists a set of known positive smooth functions ρ j , j = f, a, b such that d j ≤ ρ j .
B. VALVE DEAD-ZONE COMPENSATION
The direct inverse as shown in Fig.2 (b) is utilized to compensate for the effect of valve dead-zone. Let x ed be the desired orifice opening which would achieve the control objective if there is no valve dead-zone effect, the dead-zone inverse function can be expressed as
0 otherwise (7) whereθ 4 andθ 6 are the estimates of u + and u − via the designed parameter estimation algorithm which will be given later, χ + (·) and χ − (·) are set-indicator functions. The error between the x e and x ed can be derived as
whereθ 4 =θ 4 − θ 4 ,θ 6 =θ 6 − θ 6 .
C. PROJECTION-TYPE ADAPTION LAW WITH RATE LIMITS
For unknown parameter vectors θ , its estimateθ =
is updated using the following projection type adaption law:
where Projθ (·) is the standard projection mapping used to keepθ within the closure of the set θ , satθ M (·) is a saturation function used to guarantee that the derivatives of the parameter estimates are bounded with known bounds, and τ are the positive-definite symmetric adaption rate matrix and the adaption function which would be designed in section III.A.
The following standard projection mapping of the form defined in [44] will be used:
where • θ and ∂ θ stand for the interior and the boundary of θ , respectively, and nθ denotes the outward unit normal vector atθ ∈ ∂ θ .
The saturation function is defined as
whereθ M is the preset adaption rate limit.
It has been proven that with such a projection-type parameter adaption law, the following properties will be held for any adaption function τ to be used.
Clearly, the function D in (8) is thus bounded above by
III. ADSC CONTROLLER DESIGN
An adaptive dynamic surface controller (ADSC) with valve dead-zone compensation, which comprises an online parameter estimator and a robust control law, is developed for the pneumatic servo systems driven by the PDCV. It is well known that with the use of adaption law structure described by (9), the robust control law and the parameter adaption algorithm can be designed separately.
A. ROBUST CONTROL LAW
The robust control law is synthesized by using the dynamic surface control technique.
Step 1: Define the trajectory tracking error as e 1 = x 1 − x d , its time derivative can be derived aṡ
Choose x 2 as the virtual control input, the following virtual control law is designed:
where k 1 is a positive feedback gain. As done in [18] , letx 2d pass through a first-order low pass filter to obtain a new signal x 2d for the next design step:
where τ 1 is the filter constant.
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Step 2: Define the first surface error as s 1 = x 2 − x 2d , its time derivative can be derived aṡ
Let p L = x 3 −cx 4 be the virtual control input, the following virtual control law is designed:
where k 2 > 0 is a positive feedback gain, η 1 > 0 is a design parameter, and h 1 is a known function that will be specified later. Similarly, letp Ld pass through a first-order low pass filter to obtain a new signal p Ld for the next design step:
where τ 2 is the filter constant.
Step 3: Define the second surface error as s 2 = p L − p Ld , its time derivative can be derived aṡ
Substituting (8) into (20) yieldṡ
The following control law for x ed is proposed:
where k 3 > 0 is a positive feedback gain, η 2 > 0 is a design parameter, and h 2 is a known function that will be specified later. Then, input voltage applied to the valve u can be calculated by using the dead-zone inverse function (7).
B. PARAMETER ESTIMATION ALGORITHM
Most of the reported adaptive dynamic surface controllers in literature are based on direct Lyapunov-based design method, in which the control law and the parameter estimation law are synthesized simultaneously. Such an intertwining design leads to no other choice rather than using the gradient-type parameter adaption laws. With the use of adaption law structure (9), the parameter estimation algorithm is independent of the controller design in this paper. Therefore, the physical model based recursive least squares estimation (RLSE) algorithm is adopted to obtain an accurate estimation of the unknown valve dead zone parameters as well as other model parameters.
Assume the system is free of uncertain nonlinearities, i.e. d f =d a =d b = 0 in (6). The second equation of (6) can be rewritten as
As shown in Fig. 2(a) , the valve dead zone nonlinearities can only be linearly parameterized when the input voltage is in the region of u ≥ u + or u ≤ u − . Therefore, when u ≥ u + , the pressure dynamics equation of chamber A can be linearly parameterized as
Similarly, when u ≤ u − , the pressure dynamics equation of chamber B can be linearly parameterized as (25) where
Define a positive constant B 1 as B 1 = max{k x (θ 4 max − θ 4 min ), k x (θ 6 max − θ 6 min )}. Then, from (7) and (12), one gets
which implies that when |x ed | ≥ B 1 , the valve input voltage calculated by the proposed dead-zone inverse function (7) would satisfy u ≥ u + or u ≤ u − . (23)- (25) can be further rewritten as the following linear regression model for parameter estimation:
T are regressors. Applying a stable filter with a relative degree larger than or equal to 3 (e.g.,
) to both sides of (27) leads to
where ϕ if denote the filtered regressors, i.e.
in which x 2f , S ff (x 2 ), φ af and φ bf are the output of the filter for the input x 2 , S f (x 2 ), φ a and φ b , respectively. Let the predicted output beŷ if = ϕ T ifθ is , the following prediction error model can be obtained:
By using the projection type adaption law structure (9), the following parameter estimation algorithm is proposed:
in which the adaption rate matrix i and the adaption function τ i are calculated bẏ
where α i ≥ 0 is the forgetting factor, ρ iM is the preset upper bound for the adaption rate matrix which guarantees i (t) ≤ ρ iM I , ∀t,θ iM is the preset adaption rate limits, and ν i ≥ 0 is the normalizing factor.
C. PROOF OF STABILITY
Theorem 1: Consider the closed loop pneumatic servo system consisting of the plant (6) , the robust control law (22) , the valve dead-zone inverse function (7) , and the parameter estimation algorithm (30) 
under the Assumption 1-3. If there exists a set of the feedback gains and the filter constants satisfying
then the closed loop system is uniformly and ultimately bounded. Proof: Consider the following Lyapunov function candidate:
where (15) into (14) givesė
Substituting (18) into (17) giveṡ
Substituting (22) into (21) giveṡ
Therefore, the time derivative of V s iṡ
From Assumption 1-3, there exists some known functions h 1 and h 2 satisfy
where θ iM = θ i max − θ i min , i = 1-7. From the smoothed sliding mode control theory, the following inequalities hold.
Substituting (38) into (36) yieldṡ
By using the Young's inequality, the following inequalities can be obtained.
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, one has
Then, the following inequalities hold.
where η =
Clearly, if γ > η/2B 1 , thenV ≤ 0 on set 1 , thus V will remain V (t) ≤ B 1 for all t, provided that the initial conditions satisfy V (0) ≤ B 1 . Therefore, the errors e 1 , s 1 , s 2 , z 1 , z 2 are bounded. Hence, we can conclude that the closed loop system is uniformly and ultimately bounded. 
IV. EXPERIMENTAL RESULTS
The pneumatic servo system as shown in Fig. 1 is built to test the performance of the proposed controller. Figure 3 is the picture of the experimental setup. Three pressure sensors (FESTO SDET-22T-D10-G14-I-M12) are used to obtain the actuator chamber pressures and the tank pressure. A magnetostrictive linear position sensor (MTS RPS0500 MD601V810050) is used to directly measure the piston position and velocity. The system physical parameters are presented in Tab.1. The control algorithms are programmed in Simulink on the host computer and implemented on the electro-pneumatic servo system through a dSPACE DS1103 control system. The sampling period is set to 1 ms.
To better verify the effectiveness of the proposed controller, the following three control algorithms are compared:
C1) The proposed adaptive dynamic surface controller presented in section II and III. After trial and error, the parameters of the controller are chosen as 
C2) The proposed controller in which only the estimates of parameters b, A f , F L , d fn , d an , and d bn are adapted and the effect of the valve dead-zone is compensated by the off-line fitting of the orifice area as done in [11] . This case represents the scenario where the valve dead-zone parameters are known and the dead-zone effect can be compensated ideally.
C3) The same control algorithm as C1 but without using parameter adaptation of u + and u − , i.e., letting valve deadzone parameters be their nominal values. In such a case, the effect of the unknown valve dead-zone is ignored.
The above three controllers are tested for tracking a sinusoidal trajectory with a frequency of 0.5 Hz and amplitude of 0.125 m, and the tracking errors are given in Fig. 4 . As seen, the final tracking errors of C1 and C2 are much smaller than C3, which illustrates the necessity of valve deadzone compensation. The average tracking errors of C1 and C2 in terms of L 2 norm are 0.55 mm and 0.53 mm, and the maximal absolute tracking errors of C1 and C2 are 1.57 mm and 1.53 mm. The transient and final tracking errors of C1 and C2 are almost the same, demonstrating the effectiveness of the valve dead-zone compensation scheme in the proposed controller.
Fiure 5 shows the history of online parameter estimates in C1, and it is observed that all parameter estimates converge and stay close to some constant values quickly. Specifically, the valve dead-zone parameter estimatesθ 4 method is also revealed by the tracking errors of C1 with two other valves with different dead-zone sizes as shown in Fig. 6 . The history of valve dead-zone parameter estimates of C1 with different valves is given in Fig. 7 . Therefore, it can be seen from these results that the proposed controller is able to achieve asymptotic convergence of valve dead-zone parameter estimates to close to their true values and the ideal dead-zone compensation.
C1 is also run for tracking a 0. response of the system are given in Fig.9 and Fig.10 , respectively. The maximum tracking error was about 1.92 mm, and the final steady-state tracking error was below 1.61 mm.
To test the performance robustness of the proposed controller to parameter variations, a 2 kg payload is mounted on the slider and another 2 kg weight is attached to the pulley. For tracking a sinusoidal trajectory (frequency 0.5 Hz and amplitude 0.125m), the tracking error is shown in Fig. 11 and the on-line parameter adaptation of θ 1 , θ 2 , and θ 3 is shown in Fig. 12 . The average tracking error in terms of L 2 norm is 0.67 mm, and the maximal absolute tracking errors is 1.97 mm. As seen, although there are slightly large transient tracking errors, C1 achieves almost the same steady state tracking performance as before despite the change of payload and extern load force. This result verifies the performance robustness of the proposed controller to parameter variations. A large step signal is added to the output of the position sensor at t = 9.5s, which can be regarded as a sudden large disturbance to the system, and removed at t = 15 s to further test the performance robustness of the proposed controller to the sudden disturbance. The tracking error of the system in this situation for the trajectory x d = 0.125 sin(π t) is shown in Fig.13 . As can be seen, the added disturbance does not affect the control performance much except the transient spikes when the sudden changes of the disturbance occur.
V. CONCLUSION
This paper is concerned with the precise tracking control of pneumatic servo systems with unknown valve dead-zone. By making full use of the fact that the unknown dead zone nonlinearities of proportional directional control valves can be linearly parameterized beyond dead zone region, this paper employs least square type indirect parameter estimation algorithm with on-line condition monitoring to estimate accurate dead zone parameters and some other some other important model parameters. A valve dead-zone inverse function is thus constructed and employed in the development of the adaptive dynamic surface controller for the pneumatic servosystems with single-rod cylinder. Besides the parameter estimator, the proposed controller consists of a robust control law. To avoid the problem of ''explosion of complexity'', the dynamic surface control technique, rather than the traditional backstepping design method, is employed to synthesize the robust control law. The stability of the closed-loop system is ensured via the Lyapunov method. Extensive comparative experimental results are presented to illustrate the effectiveness of the proposed controller and its performance robustness to parameter variations and sudden disturbances. However, the control input of the proposed ADSC exhibit some chattering problem, which is due to the use of the nonsmooth direct dead-zone inverse. Thus, part of our future work will consider the smooth dead-zone inverse based valve dead-zone compensation.
